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Background: Matrix-assisted laser desorption ionization–time of flight mass spectrometry 
(MALDI-TOF MS) is a novel method that can be used to identify pathogens and has 
potential applications in the detection of drug-resistant bacteria.
Purpose: To evaluate the ability of a MALDI-TOF MS-based broth micro-dilution method 
in detecting the minimum inhibitory concentration (MIC) values of Klebsiella pneumoniae to 
ceftriaxone and imipenem.
Materials and Methods: Sixty strains of K. pneumoniae with different levels of resistance 
to carbapenems and cephalosporins were randomly collected. The 0.5 McFarland (Mc) 
concentration of the bacterial suspension was inoculated in cation-adjusted Mueller-Hinton 
broth (CAMHB) with a final cell turbidity of 5×105 CFU/mL. The broth was incubated with 
serial concentrations of antibiotics. After centrifuging the bacterial suspensions, the lysed 
cells were analyzed by MALDI-TOF MS to identify the growth-promoting or inhibitory 
effects on K. pneumoniae. The molecular mechanisms of resistance were investigated by 
PCR and DNA sequencing analysis.
Results: The expression of known resistance genes (blaKPC, blaFOX, blaDHA, blaCTX-M 
and blaTEM) was detected in the 30 carbapenems-resistant strains. The agreement between 
the MIC values derived from the MALDI-TOF MS analysis and from the broth micro- 
dilution method was 61.7% for ceftriaxone and 71.7% for imipenem. According to the 
Clinical and Laboratory Standards Institute (CLSI) breakpoint of resistance to ceftriaxone 
and imipenem, the 60 isolates were accurately classified as resistant or susceptible isolates 
with 100% sensitivity and 100% specificity.
Conclusion: The transmission and infection of multidrug-resistant bacteria could be better 
managed and treated with the rapid identification of strains and antimicrobial susceptibility. 
A MALDI-TOF MS-based susceptibility test could be used to identify resistance of 
K. pneumoniae within a short time-frame. This approach could potentially be used as 
a supplementary antimicrobial susceptibility test that could be investigated on more bacterial 
species combined with different antibiotics.
Keywords: Klebsiella pneumoniae, matrix-assisted laser desorption ionization–time of flight 
mass spectrometry, carbapenemases, extended-spectrum β-lactamases, antimicrobial 
susceptibility test

Introduction
MALDI-TOF MS has become established as a robust analytical method that can 
be used to identify strains of bacteria and fungi, as it is accurate, inexpensive 
and has high throughput and a short turnaround time.1 For clinically important 
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gram-negative bacteria, particularly intestinal microbes, 
such as E. coli, K. pneumoniae, Acinetobacter bauman-
nii and P. aeruginosa, the direct cell smear method is 
commonly conducted to acquire mass spectra that are 
used for species identification with an accuracy of 
>98%. The formic acid extraction (on-plate) method is 
applied to lyse the gram-positive bacterial cell walls and 
yeast to increase the probability of accurate identifica-
tion to >97%. However, the correct identification of 
filamentous fungi remains challenging even when using 
the ethanol-formic acid extraction method.2,3

Several studies have reported the direct identification 
of pathogens from blood and urine samples without prior 
culturing that could be used for rapid diagnosis.4–6 These 
innovations have resulted in a major decrease in the times 
required for species identification to several minutes com-
pared to around one day using traditional biochemical 
identification. However, universal susceptibility testing to 
detect the impact of antibiotics on microorganisms still 
requires at least one day. The efficiency gap between 
microbial identification and drug susceptibility has driven 
the development of novel approaches for the rapid detec-
tion and identification of drug resistance in microorgan-
isms. In this setting, MALDI-TOF MS has shown major 
potential in the detection of antimicrobial resistance and 
strain typing. MALDI-TOF MS approaches have been 
used to characterize patterns of antimicrobial resistance 
by measuring the molecular modifications of antibiotics 
due to the enzyme activities of pathogens.7,8 It has also 
been used to analyze the mass peak profiles of bacteria that 
correspond to the structures of enzymes and proteins 
related to drug resistance,9–11 and to measure the effects 
of antibiotics on the growth of microorganisms.12,13

The huge potential of MALDI-TOF MS in the rapid 
detection of drug resistance has been demonstrated by the 
enzyme-mediated antibiotics hydrolysis assays. The differ-
ent genotypes of carbapenemase-producing K. pneumoniae 
from urine and bloodstream can be successfully discrimi-
nated within 3 h using the ertapenem and imipenem hydro-
lysis assays, and the results showed 100% agreement with 
genotypic characterization.14,15 Also, ESBLs-producing 
Enterobacteriaceae can be detected by observing the 
mass peaks shifts of ceftriaxone and cefotaxime.16 The 
successful establishment of mass spectra models correlat-
ing to specific mechanisms of resistance could expedite the 
direct detection of resistance when performing species 
identification. This could also include applications such 
as the direct differentiation of MRSA and MSSA, VIM 

and SPM-type β-lactamase-producing Pseudomonas 
aeruginosa.10,17

Several other studies have proposed a new method 
called the MALDI Biotyper-Antibiotic Susceptibility Test 
Rapid Assay (MBT-ASTRA) to differentiate antimicro-
bial-resistant and sensitive strains in a short time of 2–4 
h.18–20 MBT-ASTRA experiments have used a relative 
growth (RG) algorithm to calculate the ratio of area 
under the curves (AUCs) for bacteria mass spectra when 
the test strains were incubated with and without antibio-
tics. The approach allowed the quantitative detection of 
bacteria growth under different concentrations of antibio-
tics using MALDI-TOF MS. Also, an important aspect of 
this method allows the resistance and susceptibility of 
different bacterial strains to be distinguished at applicable 
breakpoint concentrations of various antibiotics.

Direct-on-Target Micro-droplet Growth Assay (DOT- 
MGA) is another MALDI-TOF MS-based method that can 
be used to rapidly detect resistant and sensitive strains. 
This approach directly uses the MS plate to support the 
incubation of bacteria with and without antibiotics in 
micro volumes of liquid broth.21,22 The main processes 
involve the culture of bacterial isolates with and without 
antibiotics in a volume of 2–10 μL of broth for an appro-
priate incubation time and the mass spectra analysis was 
performed directly after removing the liquids. The identi-
fication score was applied to interpret the results as resis-
tant or susceptible strains. However, this assay can only 
differentiate resistant and sensitive strains, but the exact 
MIC values cannot be determined. Also, a new mass 
spectrometry-based method has been proposed by combin-
ing MBT-ASTRA and DOT-MGA for the rapid determi-
nation of MIC values.23

Klebsiella pneumoniae is one of the most common 
opportunistic pathogens found in the clinic. As 
a consequence of the over-use of cephalosporins, carbape-
nems-resistant K. pneumoniae (CRKP) has emerged mak-
ing the treatment of multidrug resistance very challenging. 
The prevalence of CRKP varies across different popula-
tions, regions and countries from 16% to nearly 40%.24,25 

There is an urgent need to diagnose CRKP strains and 
prevent their transmission in hospitals at the early stage of 
infection. In this study, we developed a MALDI-TOF MS- 
based assay that was compared to the reference broth 
micro-dilution method. Based on the resistance to carba-
penems and cephalosporins mediated by CRKP strains, we 
evaluated the ability of the new method for the rapid 
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detection of drug resistance to ceftriaxone and imipenem 
in K. pneumoniae strains.

Materials and Methods
Characterization of the Bacterial Strains
Sixty non-replicated strains of K. pneumoniae were ran-
domly collected from October 2018 to May 2019 at the 
First Affiliated Hospital of Anhui Medical University. The 
isolates were divided into two groups specifically: carba-
penems-resistant and multidrug-sensitive isolates. The 
antimicrobial susceptibility test was performed using the 
disc diffusion method and the VITEK-2 Compact system 
(BioMérieux, France). The procedure for the tests and the 
interpretation of resistant (R), intermediate (I), and suscep-
tible (S) isolates followed the Clinical Laboratory 
Standards Institute Criteria (CLSI). The genotype of drug 
resistance was screened by PCR for carbapenemase genes 
(blaKPC, blaNDM, blaIMP, blaVIM, blaSME, blaGES), 
ESBL genes (blaCTX-M, blaTEM, blaSHV) and AmpC 
genes (blaFOX, blaDHA, blaMOX, blaCIT, blaACC, 
blaEBC).26 Then, DNA sequencing was conducted by 
Sangon (Shanghai, China). The PCR results were vali-
dated by nucleotide BLAST searches using GenBank.

Antimicrobial Susceptibility Test by Broth 
Micro-Dilution Method
The operational process using a broth micro-dilution 
method was performed according to CLSI guidelines. 
Briefly, 0.5 Mc suspension of the isolates was prepared 
and diluted 100-fold with cation-adjusted Mueller-Hinton 
broth (CAMHB). 50 μL of the bacterial suspension was 
seeded into a 96-well plate containing 50 μL of CAMHB 
with serial concentrations of antibiotics. The final inocu-
lum of the bacteria was approximately 5×105 CFU/mL. 
The final concentrations of imipenem and ceftriaxone were 
128 μg/mL, 64 μg/mL, 32 μg/mL, 16 μg/mL, 8 μg/mL, 4 
μg/mL, 2 μg/mL, 1 μg/mL, 0.5 μg/mL, 0.25 μg/mL and 
0.125 μg/mL. The suspension was cultured at 35°C for 
18–20 h. Antimicrobial susceptibility testing was per-
formed in triplicate and the median MIC values were 
calculated.

Antimicrobial Susceptibility Test by 
MALDI-TOF MS
Each strain was tested in the same way as the broth micro- 
dilution method, with a shorter incubation time of 4 h at 
35°C. Then, all the suspensions were centrifuged at 

4000 rpm for 10 minutes to separate the bacterial cells. 
The supernatant was discarded and 5 μL of 70% formic 
acid was added to lyse the isolates. 2 μL of the bacterial 
lysate was spotted onto the MS plate, overlaid with 1 μL 
of CHCA (α-cyano-4-hydroxycinnamic acid) and allowed 
to dry at room temperature. The spectra were acquired 
using the RUO mode of the MALDI-TOF MS instrument 
(BioMérieux, France). The spectra was analyzed using the 
SARAMIS Premium software. The quality control strain 
of Escherichia coli ATCC8739 was used for calibration of 
the Vitek-MS system. Each strain was accompanied by 
a growth control inoculating isolate without antibiotics 
and a sterile control without isolates and antibiotics. 
Each strain test was performed in triplicate. The results 
were considered reliable and valid when the MICs were 
identical in three parallel tests.

The Interpretation of MIC Values Derived 
from the Broth Micro-Dilution Method 
and MALDI-TOF MS
The MIC results of the broth micro-dilution method 
(BMD-MIC) were defined as the lowest concentration of 
antibiotics that resulted in the complete inhibition of visi-
ble bacterial growth. The MS spectra obtained with differ-
ent concentrations of antimicrobial agents are correlated 
with the growth of the strain. Identification scores ≥90 
indicated successful growth detection of the strain and 
showed that the strain was not inhibited at certain concen-
trations. The MIC values determined by MALDI-TOF MS 
(MS-MIC) were the lowest concentrations at which the 
identification score was <90 or had no identification 
equivalent to the visible inhibition of bacterial growth.

Statistical Analysis
The feasibility of the MALDI-TOF MS-based MIC test 
was evaluated by simultaneously performing a broth 
micro-dilution method. The broth micro-dilution test is 
a reference method used to determine the MIC. These 
data obtained with MALDI-TOF MS were compared to 
the MIC results of the standard method. The levels of 
agreement in the MIC values determined by the two meth-
ods were calculated.

Results
The 60 collected isolates were screened for their suscept-
ibility to antimicrobial agents using a clinic workflow with 
a VITEK-2 Compact system and the disc diffusion method. 
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The 30 carbapenems-resistant strains showed multidrug 
resistance to most antibiotics except for tigecycline, poly-
myxin, minocycline and trimesulf, to which the susceptibil-
ities were of 100%, 100%, 83% and 67%, respectively. The 
30 sensitive-isolates did not carry carbapenemase genes, 
ESBL genes or AmpC genes. Amongst all the targeted 
carbapenemase genes, only the KPC-carbapenemase was 
detected in 29 isolates. These bacterial strains also carried 
at least one type of ESBL genes or AmpC genes including 
blaCTX-M1, blaCTX-M9, blaTEM, blaFOX and blaDHA. 
(as shown in Figure 1) One carbapenems-resistant strain 
did not express any carbapenemase genes but simulta-
neously expressed blaCTX-M1, blaFOX and blaDHA.

The incubation conditions were investigated with 
a suspension of 5×105 CFU/mL bacterial cells after cultur-
ing at 35°C for 1, 2, 3 and 4 h, respectively. The suspen-
sions without antibiotics were successfully identified by 
MALDI-TOF MS with a score >90 after 4 h incubation. 
(shown in Figure 2) The subsequent experiment was con-
ducted with a 4 h incubation before separating the bacter-
ial cells and the broth. The MIC of ceftriaxone and 
imipenem detected using the VITEK-2 Compact system 
were ≥64 μg/mL and ≥16 μg/mL, respectively, in the 
resistant strains. The MIC values of the susceptible iso-
lates were ≤1 μg/mL.

The MIC values of ceftriaxone determined by the broth 
micro-dilution method were >128 μg/mL in the 29 resis-
tance strains. The MIC value derived from the MALDI- 
TOF MS was 128 μg/mL in 22 of the 29 resistant isolates. 
The other eight resistant isolates reached the same values 
between the BMD-MIC and MS-MIC. In the sensitive 
isolates, only one had a lower MS-MIC than BMD-MS.

The BMD-MIC values of imipenem were 128 μg/mL 
in 28 resistant K. pneumoniae strains and 64 μg/mL in the 
other two isolates. Compared to BMD-MIC, 9 strains had 
one-concentration-gradient lower MIC values of 64 μg/mL 

detected by MALDI-TOF MS. The MS-MIC values of 
imipenem decreased by two-concentration gradients in 
four resistant isolates, of which two had a MIC of 32 μg/ 
mL and two had a value of 16 μg/mL. The MS-MIC 
values of the four carbapenems-sensitive isolates were 
lower than the determined BMD-MIC, two decreased 
from 1 to 0.5 μg/mL, and the other two decreased from 
0.5 to 0.25 μg/mL (as shown in Tables 1 and 2).

The ceftriaxone- and imipenem-resistant strains had 
lower MIC values detected by MALDI-TOF MS com-
pared to those derived from the broth micro-dilution 
method, which accounted for 73.33% (22/30) and 
43.33% (13/30) of the discrepancies, respectively. The 
susceptible strains showed a high concordance between 
the BMD-MIC and MS-MIC values that reached 96.67% 
(29/30) and 86.67% (26/30) for ceftriaxone and imipenem, 
respectively. The agreement between the MIC values 
derived from the MALDI-TOF MS method and the broth 
micro-dilution method was 61.67% for ceftriaxone and 
71.67% for imipenem in the 60 K. pneumoniae strains 
(shown in Table 3).

Discussion
Similar to a previous study, the genotypic characterization 
of CRKP revealed that antibiotic resistance is mainly 
mediated by KPC-type genes and the coexpression of 
ESBLs and AmpC genes.27 The resistance of one CRKP 
strain that did not express any of the carbapenemase genes 
could be attributable to the ESBL and AmpC genes along 
with over-expression of the efflux pump or loss of outer 
membrane protein.28 The coexistence of resistance genes 
reflects the high frequency of multidrug-resistant 
K. pneumoniae in carbapenems, cephalosporin and amino-
glycosides. Consequently, the early identification of CRKP 
is particularly important in the management of infectious 
diseases with antibiotic treatments.

In this study, we demonstrated the ability of MALDI- 
TOF MS to detect the growth of K. pneumoniae in a short 
time-frame. To allow comparison to a reference method, 
the inoculation volume and the turbidity of bacterial cells 
were standardized with the broth micro-dilution method. 
A recent study showed that even minimal alterations in 
inoculum turbidity may have a dramatic influence on the 
determination of MIC.29 Whilst higher bacterial cell con-
centrations would lead to shorter incubation time, it also 
increases the risk of false MS-MIC values. Compared to 
the broth micro-dilution method, the main difference was 
the separation of bacterial cells and reduced incubation 

Figure 1 The PCR results of different genes involved in drug resistance in 30 
carbapenems-resistance strains of K. pneumoniae. 
Notes: M, Marker; 1 2, blaCTX-M1; 3 4, blaCTX-M9; 5 6, blaTEM; 7 8, blaDHA; 9 10, 
blaFOX; 11 12, blaKPC.
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time. Previous studies have demonstrated that a minimum 
incubation time of 4 h is optimum for the reliable detection 
of bacterial growth.18,23 To simplify the method, we 
directly centrifuged 96-well plates at 4000 rpm for 10 
minutes to subside the bacterial cells rather than remove 
the suspension into the new 1.5 mL tube following cen-
trifugation for 3 minutes at 12,000 rpm. The same parallel 

test was performed in which the suspension was pipetted 
into a tube and centrifuged at 12,000rpm for 3 minutes. 
Our results suggested that centrifugation at 4000 rpm is 
appropriate for MS analysis and does not negatively influ-
ence the agreement between MS-MIC and BMD-MIC.

A previous study performed on the Acinetobacter 
baumannii isolates showed a similar agreement of 72% 

Figure 2 The mass spectra of K. pneumoniae acquired by MALDI-TOF MS. 
Notes: (A) Successful identification with a score ≥90; (B) Failed identification with a score <90.
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in the MICs between the BMD and MS susceptibility 
tests of meropenem.23 The MIC values derived from 
MALDI-TOF MS were lower than the BMD-MIC and 
could be attributed to the growth characteristics of bac-
teria. The bacterial growth cycle is around 30 minutes 
and is comprised of the lag, logarithmic, stationary, and 
decline phases. The lag phase indicates the process of 
adaptation of bacteria following exposure to a new envir-
onment and its length varies with the inoculation volume 
of bacterial cells and antibiotic concentration.30,31 The 

concordance of the MIC values for ceftriaxone and imi-
penem between the MS and BMD methods was higher in 
the sensitive strains than in the resistant strains. Studies 
have highlighted the phenomenon of the delayed expres-
sion of resistance, indicating that some resistant strains 
show susceptible behaviors at early time points of incu-
bation with antibiotics but start to grow after prolonged 
incubation.32,33 The disagreement in the lower MS-MIC 
values may reflect that the incubation time is not suffi-
ciently long for the growth of bacterial species in the lag 
phase and so the number of bacteria may not be sufficient 
for MALDI-TOF MS detection.

Table 1 The MIC of Ceftriaxone and Imipenem Determined by MALDI-TOF MS and Broth Micro-Dilution Method in 30 
Carbapenems-Resistant Strains of K. pneumoniae

Resistance Mechanism Ceftriaxone Imipenem

BMD-MIC MS-MIC BMD-MIC MS-MIC

KPC, CTX-M9 > 128 (1) 128 (1) 128 (1) 128 (1)

KPC, FOX > 128 (2) 128 (2) 128 (2) 128 (2)

KPC, CTX-M9, TEM > 128 (6) 128 (6) 128 (5) 128 (5)

64 (1) 16 (1)

KPC, CTX-M9, FOX, TEM > 128 (2) > 128 (2) 128 (2) 128 (2)

CTX-M1, FOX, DHA 128 (1) 128 (1) 128 (1) 128 (1)

KPC, CTX-M9, TEM, FOX, 
DHA

> 128 (6) 128 (4) 128 (5) 128 (4)

64 (1)

> 128 (2) 64 (1) 16 (1)

KPC, CTX-M1, CTX-M9, 

TEM, FOX, DHA

> 128 (12) > 128 (3) 128 (12) 128 (2)

128 (9) 64 (8)

32 (2)

Note: The numeric in the bracket represents the numbers of K. pneumoniae strains.

Table 2 The MIC of Ceftriaxone and Imipenem Determined by 
MALDI-TOF MS and Broth Micro-Dilution Method in 30 
Susceptible Strains of K. pneumoniae

Antibiotics BMD-MIC MS-MIC

Ceftriaxone 0.5 (19) 0.5 (18)

0.25 (1)

0.25 (11) 0.25 (11)

Imipenem 1 (5) 1 (3)

0.5 (2)

0.5 (25) 0.5 (23)

0.25 (2)

Note: The numeric in the bracket represents the numbers of K. pneumoniae strains.

Table 3 The Agreement of the MIC Values Determined by 
MALDI-TOF MS and Broth Micro-Dilution Method

K. pneumoniae 
Strains

Ceftriaxone Imipenem

MS-MIC 
= MIC

MS-MIC 
< MIC

MS-MIC 
= MIC

MS-MIC 
< MIC

Resistant 26.67% 

(8/30)

73.33% 

(22/30)

56.67% 

(17/30)

43.33% 

(13/30)

Susceptible 96.67% 

(29/30)

3.33%  

(1/30)

86.67% 

(26/30)

13.33% 

(4/30)

Total 61.67% 

(37/60)

38.33% 

(23/60)

71.67% 

(43/60)

28.33% 

(17/60)

Note: The numeric in the bracket represents the numbers of K. pneumoniae strains.
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The MIC values of ceftriaxone and imipenem determined 
by the automated micro-dilution method (VITEK-2 Compact 
system) were all ≥64 μg/mL and ≥16 μg/mL, respectively, in 
the resistant strains, and ≤1μg/mL in the susceptible isolates. 
The drug susceptibility card of the VITEK-2 Compact sys-
tem covers serial concentrations of antibiotics that were 32, 
8, 2 and 1 μg/mL for ceftriaxone, and 16, 4 and 2 μg/mL for 
imipenem. When compared to the MIC values determined by 
the VITEK-2 Compact system, the MS-based method had 
the same MIC results in the resistant and susceptible strains 
of K. pneumoniae. These data suggested that the MS suscept-
ibility tests could optimize the concentrations range on the 
96-well plate similar to the AST card of the VITEK-2 
Compact system. A study performed the DOT-MGA assay 
at the breakpoint concentration of 2 μg/mL for meropenem to 
distinguish between carbapenem-susceptible and non- 
susceptible in 24 K. pneumoniae strains. This study acquired 
100% sensitivity and 100% specificity after 4 h incubation.21 

Another study used MBT-ASTRA to differentiate resistant 
and susceptible K. pneumoniae after 1 h of incubation at 
a meropenem concentration of 8 μg/mL and achieved 
a sensitivity of 97.3% and a specificity of 93.5%.20 The 
breakpoints for ceftriaxone and imipenem are both ≥4 μg/ 
mL for resistant strains and ≤1 μg/mL for susceptible strains 
according to CLSI, our study suggested that MALDI-TOF 
MS could accurately distinguish the 30 carbapenems- 
resistant strains from the 30 sensitive isolates with 100% 
specificity and 100% sensitivity when referring to the break-
point concentrations. However, this study did not collect the 
imipenem- and ceftriaxone-intermediate strains of 
K. pneumoniae or resistant strains that showed lower BMD- 
MIC values of 4–32 μg/mL. Those strains may be falsely 
classified as sensitive strains due to the possibility of lower 
MICs detected by MALDI-TOF MS.

The AST differentiates between resistant and suscep-
tible strains independent of bacterial species, antimicro-
bial agents, or underlying resistance mechanisms. Our 
study only assessed this method for imipenem and cef-
triaxone MIC detection in K. pneumoniae. The applica-
tion of this approach to universal phenotypical AST 
requires further validation using different combinations 
of antibiotics with bacterial species. Further investiga-
tions are required to explore the optimum incubation 
time for different microbial species and to confirm the 
feasibility of resistance detection for different antibio-
tics. These studies could include further optimization of 
the assay, including the precoating of the 96-well plate 
with different antibiotics, using automatic sampling of 

the bacterial suspension to simplify handling and to 
avoid bias during manual operation, and programming 
a new module within the existing software to provide 
the final results for clinical decision-making.

Conclusion
MALDI-TOF MS is a technology that can be used for the 
routine identification of pathogens in the clinical labora-
tory and has a high value in characterizing patterns of 
antimicrobial resistance. This approach can be used to 
identify drug resistance by enzymatic hydrolysis analysis 
and to provide the exact MIC values of different species 
for antibiotics. Our method suggested that MALDI-TOF 
MS can be used as an alternative for the early detection of 
antibiotic resistance to ceftriaxone and imipenem in 
K. pneumoniae.
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